Abstract
collectively known as Fetal Alcohol Syndrome (FAS), has been the focus of much study, 32 particularly involving cellular and molecular mechanisms. Few studies have addressed 33 the influential role of altered cardiac function in early embryogenesis, due to a lack 34 of tools with the capability to assay tiny beating hearts. To overcome this gap in our 35 understanding, we used optical coherence tomography (OCT), a non-destructive imaging 36 modality capable of micrometer-scale resolution imaging, to rapidly and accurately map 37 cardiovascular structure and hemodynamics in real time under physiological conditions. 38 In this study, we exposed avian embryos to a single dose of alcohol/ethanol at 39 gastrulation when the embryo is sensitive to the induction of birth defects. Late-stage 40 hearts were analyzed using standard histological analysis with a focus on the atrio-41 ventricular valves. Early cardiac function was assayed using Doppler OCT, and structural 42 analysis of the cardiac cushions was performed using OCT imaging. Our results indicated 43 that ethanol-exposed embryos developed late-stage valvuloseptal defects. At early stages, 44 they exhibited increased regurgitant flow and developed smaller atrio-ventricular cardiac 45 cushions, in comparison to controls (uninjected and saline-injected embryos). The 46 embryos also exhibited abnormal flexion/torsion of the body. Our evidence suggests that 47
Introduction

52
Despite the fact that alcohol was identified as a teratogen many decades ago, 53 recent data indicate that in the USA over 500,000 US women per year report drinking 54 during pregnancy, with 1 in 5 of this population admitting to binge drinking (20) . Even 55 low levels of prenatal alcohol (ethanol) exposure, such as in a single dose, can produce 56 birth defects termed Fetal Alcohol Syndrome (FAS). In addition to the originally 57 identified growth retardation and craniofacial and neurological abnormalities (11, 38) , as 58 high as 54% of live-born children with FAS present with cardiac anomalies (18), e.g. 59 valvuloseptal defects and pulmonary stenosis (24) , that can lead to developmental 60 challenges, ongoing medical care and death. The mechanisms of alcohol-induced 61 congenital heart defects (CHDs) remain largely unclear, even though its etiology has 62 been the focus of much study, especially the cellular and molecular mechanisms (3, 19, 63 49, 56 in avian embryo models (13, 22) . A number of studies have suggested that biomechanical 72 forces exerted by blood flow contribute to the normal and abnormal development of the 73 heart (23, 27, 30-31, 39, 44, 46, 53, 66) the Policy on the use of Avian Embryos states that "If embryos will be sacrificed prior to 129 3 days before hatching, the research will not be subject to IACUC review." where flow has been shown to reflect cardiac function in our previous study (28). The arterial Doppler waveforms for control embryos exhibited a notable shoulder, which 185 was absent or severely reduced in the ethanol-exposed embryos. (Figure 1 A-B) , which have not been reported frequently 216 in the literature. They also exhibited cardiac defects commonly associated with FAS, 217 similar to those seen in animal models in previous studies (8, 56) . These defects included 218 thinner interventricular septae, malformed aortic valves, and ventricular wall thinning 219 (Figure 1 C-F) . One of the ethanol-exposed embryos in this cohort displayed reduced 220 eye growth. Other ethanol-exposed embryos that were not part of this cohort and thus not 221 analyzed for heart defects also exhibited cranial folds that failed to fuse. The AV (Figure 2 A) . Ethanol-exposed embryos fell into three categories of 238 structural morphology (Table 1) Table 1) , and were observed to develop an S-shaped body, thus demonstrating 241 abnormalities in overall embryo flexion/torsion (Figure 2 B) . In addition, approximately 242 13% of ethanol-exposed embryos were so severely twisted (super-twisted) (Figure 2 C, 
243
Supplemental Movie) that the head was folded underneath the embryo and not visible on 244 the surface. Overall, ethanol-exposed embryos did not exhibit a significant change in 245 heart rate compared to controls at this time-point; however, unlike controls, some 246 developed abnormalities within the yolk sac vascular network (Table 1) . Interestingly, 247 the twisted body axis of the ethanol-exposed embryos was very similar to structural 248 findings reported for the had zebrafish mutant (57). In these zebrafish embryos, Na,K- with a shoulder and a small but noticeable negative peak (e.g. Ethanol-exposed embryos however had reduced or absent shoulders (e.g. (Figure 4 A-B) . Cushion volumes were calculated using the 299 Measurement tools in Amira. Ethanol-exposed embryos developed smaller cushions 300 compared to saline-treated and untreated controls (Figure 4 C-D) . At these early stages 301 therefore, reduced cushion sizes were noted at a time when there were also hemodynamic 302 anomalies in the ethanol-exposed embryos. In addition, individual embryos were graphed 303 in a scatter plot of inferior AV cushion volume versus total cushion volume ( Figure 5) . 304 In the plot, ethanol-exposed embryos that were twisted, either moderately (EtOH-tw1) or 305 severely (EtOH-tw2), were grouped together at the lower end of the spectrum of cushion 306 volumes. On the other hand, ethanol-exposed embryos that were not twisted (EtOH-norm) 307 had cushion sizes that were larger and thus comparable to those of the controls. This including malformed aortic valves and heart wall thinning. We also observed smaller 344 atrio-ventricular valves in the ethanol-exposed embryos, which have not been described 345 in detail in the literature. The quail embryo model is also clinically relevant for the study 346 of cardiac defects since the avian heart has proven to be similar to the human heart in 347 morphology and physiology (58). In addition, we were able to make physiological 348 cardiovascular measurements in vivo, using shell-less avian culture and an OCT system 349 in an environmentally controlled chamber. This resolution of morphology and function 350 under physiological conditions is not possible to achieve in in utero mouse embryo 351 models using current technologies. 352 We also demonstrated that ethanol-exposed embryos exhibited structural defects to twist, thereby exerting mechanical forces on the heart and thus influencing blood flow. 361 An alternative scenario is that the heart loops abnormally due to ethanol exposure, and 362 induces the twisting of the body axis. Recently, investigations using zebrafish showed that increasing retrograde flow in the AV 366 canal of the developing heart before and during valvulogenesis led to arrested valve 367 development (62). In these studies, normal valve formation appeared to be mediated by 368 the transcription factor klf-2a, whose gene expression was sensitive to intracardiac 369 hemodynamic forces (62). The similarities between the two animal models suggest that 370 ethanol exposure, which altered early cardiac function, may also be acting through klf-2a 371 to produce cushion and valvular defects. Klf-2 has been used as a shear stress marker in 372 several studies, where correlations were found between klf-2 expression levels and 373 normal, low, disturbed or oscillatory flow patterns (15, 25, 27, 42, 65 Table 1 . Survival rate and embryo morphology of untreated, saline-injected and 
